We examined the distribution of nonspecific esterase (NSE) activity in the brain of the goldfish, Carawius auracus, and found that the enzyme is expressed at high levels in cells that appeared to be radial astrocytes. Several instances in which neurons expressed NSE activity were also seen. To confirm the identity of the radial profiles as astrocgtes, similar sections were labeled with antiserum against goldfiih glial fibrillary acidic protein (GFAP). The concordance between the NSE and the anti-GFAP data in both the visual system and the telencephalon was essentially complete, confirming that the NSE reaction was labeling astrocytes in these structures. The two methods also gave similar results in both the cerebellum and the vagal lobes, although the concordance between them in these instances was somewhat less complete.
Introduction
The nonspecific esterases (NSEs) are broadly distributed enzymes that catalyze the hydrolysis of ester and amide linkages. They fall into several different classes which can be distinguished by their substrate preferences and their sensitivity to inhibitors. These enzyme activities are differentially distributed among the different classes of leukocytes, and a benchmark study in the early 1970s (Li et al., 1973) showed that the NSE activity of each type of leukocyte evinces a unique combined profile of substrate specificity (for synthetic substrates) and inhibitor sensitivity. On the basis of these results, it became possible to use the NSE reaction clinically to distinguish among various classes of leukocytes in both normal and pathologic blood smears (Auger and Ross, 1992; Horwitz et al., 1977; Li et al., 1973; Yam et al., 1971) .
It is of particular interest to our study that the NSE reaction allows identification of both blood monocytes and tissue macrophages when a-naphthylbutyrate is used as the substrate (Horwitz et al., 1977) . Consequently, it has found wide use in studies of these ' Supported by the Medical Research Council of Canada and by the cells in a variety of tissues (Stadnyk et al., 1990; Sannes and Randell, 1985; Verspaget and Becken, 1985; Akikusa et al., 1984; Soufleris et al., 1983) . In addition, the NSE reaction has been used in mammals to examine reactive mononuclear cells in the damaged central nervous system (CNS) (Giulian et al., 1989; Ferrer and Sarmiento, 1980; Oehmichen, 1980; Schelper and Adrian, 1980) as well as ameboid microglia in the developing brain (Ling et al., 1982) .
We wanted to extend these studies of reactive CNS mononuclear cells to a species in which CNS damage is followed by regeneration of severed axons and restoration of function. With this in mind, we examined NSE activity in the goldfish brain after a crush lesion to the optic nerve. In this system, retinal ganglion cells survive optic axon section and regenerate new axons which make functional connections in the various visual centers of the brain (Lowenger and Levine, 1988) . By contrast, optic axon section in mammals is followed by an abortive burst of axon sprouting which is rapidly terminated by the death of more than 90% of the retinal ganglion cells (Villegas-Perez et al., 1992; Richardson et al., 1982) . Therefore, by examining the goldfish CNS we hoped to learn more about the reactive cell responses that occur in the presence of spontaneous CNS axon regeneration. To our surprise, we discovered that the NSE reaction densely labeled radial glia in the brains of these animals. In all other reports of NSE activity in the (mammalian) CNS, the only cells that label are reactive mononuclear cells (Giulian et al., 1989; Ferrer and Sarmiento, 1980; Oehmichen, 1980; Schel-per and Adrian, 1980) . Therefore, our observations in the goldfish are unique and we present them here in some detail.
For the purposes of this report, we describe NSE-labeled cells in the diencephalon and optic tectum, for which previous descriptions of radial astrocytes are available (Levine, 1989; Nona et al., 1989; Dah1 and Bignami, 1973) . In addition, to more extensively document the correspondence between NSE-labeled cells and glial fibrillary acidic protein (GFAP)-immunoreactive radial astrocytes, we also describe labeled cells in parts of the brain for which descriptions of astrocytes are not available in the literature and compare them to cells labeled by GFAP antiserum.
Materials and Methods
Animals and Surgery. Comet goldfish (Curu~siusaurutus, 6-7 cm length from snout to base of tail) were used in these experiments. Animals were kept in aerated aquaria at 22 f 1°C.
Nonspecific Estense Activity. Animals to be processed for the NSE reaction were perfused with 10% neutral buffered formalin. We did not use acetone in the fixative (Horwitz et al., 1977; Yam et al., 1970) because we found that its inclusion substantially diminished the NSE reactivity. The fixed tissues (brain, eyes, and optic nerves) were cryoprotected in 20% sucrose and sectioned either at 12 pm in a cryostat or at 40 pm on a freezing sledge microtome. Sections were mounted on 3-aminopropyltriethoxysilane (TES) (Aldrich; Milwaukee, WI)-coated slides and processed for NSE activity according to the method of Horwitz et al. (1977) using a-naphthyl butyrate (ICN QuEbec, Canada) as the substrate and hexazotized pararosanaline (basic fuchsin) (BDH; Quebec, Canada) as the coupler. a-Naphthol, which is released from the substrate by NSE, reacts with the pararosanaline coupler to produce a red precipitate at sites of enzyme activity. The substrate we used, a-naphthyl butyrate, is relatively specific for NSE activity in monocytes and macrophages (Enane et al., 1993; Li et al., 1973) . Monocytelmacrophage NSE activity is also sensitive to inhibition by NaF and therefore, to control for the specificity of the reaction, various concentrations of NaF were added to the reaction mixture in several cases (Li et al., 1973) . Some sections were counterstained with methyl green. I"unohist0chemiSay. Cryostat sections (10-12 pm) of fresh tissue were mounted on TES-coated slides and processed for immunohistochemistry as described in detail elsewhere (Imine, 1993) . Briefly, tissues were fixed in -20'C ethanol (2 min) and acetone (30 sec), permeabilized in 0.1% Triton X-100 (15 min), and then postfixed in 4% paraformaldehyde (10 min). Sections were then blocked with goat serum, and exposed to mouse anti-goldfish GFAP antiserum (Levine, 1989 ) 1:lOO overnight. The secondary antibody was an FIE-conjugated goat anti-mouse serum (Zymed; Burlingame, CA).
Results
We examined the entire neuraxis of the goldfish brain, including the retina and optic nerve, for NSE activity. In the brain the NSE reaction produced dense labeling of radial profiles with cell bodies at the ventricular lining and processes extending toward the pial surface. Similarly, in the retina the Muller cells were labeled. The optic nerve showed only minimal, diffuse NSE activity. The dense NSE reaction seen in the brain and retina was almost completely inhibited by even the lowest concentration of NaF (0.01 M) that we used.
Labeled Cells Associated with the Visual System
In the diencephalon there were two distinct populations of labeled processes. In the preoptic area, processes arising at the ventricular margin extended downward and then laterally to enter the optic tract. At this point they turned more or less dorsally and swept upward across the optic fibers to finally reach the pial surface of the tract (Figure 1 ). Processes in the second major group arose in the ventricular lining of the thalamus and swept directly laterally, where they encountered the brachia of the optic tract and the various pretectal nuclei (Figure 1 ). In the optic tectum the NSE reaction revealed processes in both the ependymal zone and the tectum proper (Figure 2a ). Cell bodies in the ventricular lining of the ependymal zone extended tortuous bundles of weakly labeled processes to at least the deep layer of neuron cell bodies (stratum periventriculare, SPV). More superficially, densely labeled processes extended radially from cell bodies in the deep layers of the SPV to the pial surface of the tectum, where they formed a layer of endfeet ( Figure 2a ). These cells appear to correspond to the periependymal cells of Yoon (1978,1981) . The labeling of the radial processes was progressively less distinct in the caudal part of the tectum, and at the caudal pole it could hardly be resolved at all (Figure 2b ). The labeled profiles described above agree completely with published descriptions of the astrocytes in the visual system of the goldfish (Levine, 1989 (Levine, ,1995 .
In addition to the labeled profiles described above, a single layer of radially oriented cells was labeled in the optic synaptic layers (stratum fibrosum et griseum superficiale, SFGS) of the optic tectum ( Figure 3a ). These cells were not labeled by antiserum against GFAP (see Levine, 1989 ) and appear to correspond to the pyramidal neurons described by various workers using Golgi impregnation techniques ( Figure 3b ) (Kishida, 1979; Romeskie and Sharma, 1979; Meek and Schellart, 1978; Vanegas et al., 1974) .
The Forebrain
Labeled cells in the forebrain formed a simple pattern: their cell bodies were at the everted ventricular surface (Figures 4 and 5) and their radial processes descended to form a glia limitans in the vicinity of the endorhinal sulcus ( Figure 4 ). This arrangement of processes and cell bodies was also clearly evident with GFAP immunohistochemistry ( Figures 6 and 7) .
The Cerebellum
In the valvulae cerebelli, the NSE reaction revealed cells with their cell bodies at the ventricular surface of the granule cell layer, i.e., abutting the tectal ventricle ( Figure 8 ). The processes of these cells coursed through the granular layer but could not be followed into the molecular layer ( Figure 8 ). In the corpus cerebelli, radial glial processes were not labeled. The NSE reaction also labeled other cells in both the corpus and the valvulae cerebelli, which did not have radial processes and were distributed throughout the molecular layer and, in the corpus cerebelli, in the granule cell layer as well (Figures 9 and 10 ). These cells appeared somewhat larger than the granule cells and had a thin rim of perikaryal cytoplasm and one or two processes which often -branched ( Figure 1 ). In the telencephalon (1). radial glia have their cell bodies at the dorsal and lateral ventricular surface and extend processes (arrowheads) to the vicinity of the endorhinal sulcus (es). v, ventricle. Bar = 400 pm. Figure 5 . Nonspecific esterase activity at the ventricular surface of the telencephalon. Note the densely packed perikarya (arrows) and the radial processes (arrowheads). Bar = 30 pm. Figure 6 . GFAP immunoreactivity in the telencephalon. Note radial processes (arrows) descending from the ventricular surface (arrowheads) into the neuropil. Ear = 50 pm. Figure 7 . GFAP immunoreactivitv at the ventricular surface of the telencephalon (cf. Figure 5 ). Note the densely packed perikarya (arrows) and the radial processes (arrowheads). Bar = 30 pm.
of radial processes in the granular layer of the valvulae (Figure 11 ). On the other hand, there was a superficial layer of immunoreactive radial processes in the corpus cerebelli that were not seen in the NSE preparations (cf. Figures 9 and 12 ). Interestingly, it was also possible to discriminate weakly labeled cells through the the molecular layer, which may correspond to the dispersed cells labeled in the NSE preparations (Figures 12 and 13 ).
The Vagal Lobe
Because cyprinid fish have taste buds over their entire body surface, the brainstem nuclei for gustatory inputs may be enormously enlarged. In the goldfish, inputs from the vagus nerve (X) terminate in a structure, the vagal lobe, which is about as large as the optic tectum (Figure 14) . Gustatory afferent fibers terminate superfically in the lobe, whereas the neurons of the motor nucleus of X lie deep, next to the ependymal zone. Between these nvo layers is an intermediate plexus of fibers comprising both sensory afferents to the superficial layers of the lobe and efferents to secondary gustatory targets (Morita et al., 1980) . Using the NSE reaction, we could discern four major laminae in the vagal lobe (Figure 14) . Closest to the ventricle was a thick, palely labeled ependymal layer which recalls that seen in the rostral tectum (Figure 2a ; see also Levine, 1989) . Immediately superficial to the ependymal zone lay the motor layer, which contains the cells of the vagal motor nucleus. This tissue contained densely labeled linear profiles, many of which appeared to extend towards the vagus sensory root (Figure 15) . It was not possible to determine the origin of these processes. Figure 8 ). Glial processes (arrows) extend from the ventricular surface (arrowheads) into the granular layer (gl). Labeled cells are not evident in the molecular layer (ml) in this section. Bar = 50 pm. Figure 12 . GFAP immunoreactivity in the molecular layer of the corpus cerebelli (cf. Figure 9 ). Note the radial processes (large arrows) that descend from the pial surface (arrowheads). In some instances, endfeet can be resolved (open arrow). Deeper in the molecular layer, labeled perikarya are evident (small arrows). Bar = 30 pm.
Figure 13. GFAP immunoreactivity in the cells of the cerebellar molecular layer (d. Figure 10 ). These three cells (arrows) each appear to have a single process and are isolated in a sea of filamentous glial processes. Bar = 12 pm.
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Figure 14. Nonspecific esterase activity in the vagal lobe: overview. The four layers of the lobe are evident. Nearest the ventricle, the thick ependymal zone (e) is evident. Immediately external to it lies the motor nucleus of the vagus nerve (m). which contains densely labeled bundles of glial fibers. This is bounded by the fiber layer (f), which contains a multitude of lightly labeled processes. Finally, the sensory layer (s) forms a superficial shell over the entire structure. Medial is to the reader's right. Bar = 400 pm. Figure 14) . The most intense immunoreactivity is seen in the ependymal zone (e) and the intermediate fiber plexus (f). The processes that label densely in NSE preparations (cf. Figure 14) in the motor nucleus (m) and the deep portionsofthesensorylayer(s)showonlyminimal GFAP immunoreactivity. Medial is to the readeh left. Bar = 250 pm. Figure 20 . GFAP immunoreactivity in the sensory root of the vagal lobe. Note the labeled processes (arrows), which run along with sensory afferents (cf. Figure 15 ). Bar = 50um. Figure 21 . GFAP immunoreactivity in the vagal lobe at the boundary of the intennediate fiber plexus (1) and the sensory layer (s). Note the densely labeled processes in the plexus (arrows) and the paucity of such processes in the immediately adjacent sensory layer. Bar = 50 pm. Figure 22 . GFAP immunoreactivity in the sensory layer of the vagal lobe. Note the radial processes (arrows) descending the pial surface (cf. Figure 17) . Cell bodies cannot be resolved in this micrograph. Bar = 30 pm.
although in some instances it appeared that they issued from labeled cell bodies at the boundary with the ependymal zone (Figure 16) . Peripheral to the motor nucleus and separating it from the superficial sensory layers was a second densely woven layer of lightly labeled processes, which corresponds to the intermediate fiber plexus between the sensory and motor laminae of the lobe (Figure 14) . The NSE labeling in this region appeared similar to the labeling in the ependymal zone. Finally, NSE labeling in the superficial sensory layer of the vagal lobe was concentrated in cells with their perikarya near the pial surface and one or more processes extending radially into the neuropil (Figure 17 ). In addition, there were densely labeled profiles immediately adjacent to the intermediate fiber plexus (Figures 14 and 17) . Finally, it is noteworthy that many cells that appeared to be neurons were labeled in the ventral part of the motor nucleus as well as in the brainstem adjacent to the medial longitudinal fasciculus (Figure 18) . The pattern of labeling seen in the vagal lobe using GFAP immunohistochemistry (Figures 19-22 ) was similar to that seen with the NSE reaction, except that the densely labeled NSE-positive profiles seen in the motor and sensory layers immediately adjacent to the intermediate fiber plexus were not labeled with GFAP antiserum (Figures 21 and 22 ). In addition, none of the cells identified as neurons in the NSE preparations was immunoreactive for GFAP.
Discussion
The NSE reaction, using various artificial substrates, has proved to be a useful tool for distinguishing different classes of leukocytes in blood smears (Auger and Ross, 1992; Horwitz et al., 1977; Li et al., 1973; Yam et al., 1970) . In addition, it has been particularly useful in identifying macrophages in sections of inflamed tissues (Akikusa et al., 1984) including the brain (Giulian et al., 1989; Ferrer and Sarmiento, 1980 Oehmichen, 1980; Schelper and Adrian, 1980) . In some of these studies, NSE activity has also been demonstrated in cells that are not associated with the blood, including kidney and intestinal epithelial cells (Stadnyk et al., 1990; Akikusa et al., 1984) . However, in the mammalian CNS, activity has been reported only in activated microglia and macrophages (Giulian et al., 1989; Ling et al., 1982; Ferrer and Sarmiento, 1980; Oehmichen, 1980; Schelper and Adrian, 1980) . Therefore, our observation that astrocytes in the goldfish brain express strong NSE activity is totally unexpected and demonstrates a unique characteristic of the teleost brain.
The most important aim of the present study was to demonstrate that the cells which we labeled with the NSE reaction were in fact astrocytes. We did this by making a detailed comparison of the patterns of NSE reactivity and glial fibrillary acidic protein (GFAP) immunoreactivity throughout the brain. In all instances in which a direct comparison may be made, it is apparent that the cells described in here are identical to those previously described with immunohistochemistry (Levine, 1989; Nona et al., 1989; Dahl et al., 1985; Onteniente et al., 1983;  Dahl and Bignami, 1973) . In particular, our detailed descriptions of astrocytes in the visual system in previous work (Levine, 1989 (Levine, ,1995 , are precisely matched by the observations we present here. In other parts of the brain that have not been subjected to published scrutiny, we also find concordance, although it is not as complete as in the visual system. Thus, glial processes in the caudal tectum and the molecular layer of the corpus cerebelli expressed GFAP immunoreactivity but lacked NSE activity. On the other hand, in the vagal lobe there are glial processes that are NSE-positive but do not express immunoreactive GFAP. This is similar to the situation in the optic tectum, in which the radial glia express GFAP only in the perikaryal region and at the pial surface but express NSE activity throughout their length, and underscores the fact that the NSE method can reveal astrocyte processes that are not revealed by other methods.
In view of these observations, we conclude that the NSE method is a simple and effective method for identifying and localizing astrocytes of the teleost central nervous system. However, because it also labels macrophages and some neurons, it cannot be considered uniquely diagnostic for astrocytes. In mitigation of this drawback, it should be noted that macrophages and neurons are unlikely to be confused with radial glia. In addition, the more specific immunohistochemical methods that use antibodies against GFAP often do not label radial glia as completely or densely as the NSE reaction (see below). Therefore, although not absolutely specific, this method offers an important alternative to the immunohistochemical techniques usually used in studies of teleost astrocytes.
Two matters are of particular interest in this study. First, we have identified nonradial cells in the cerebellar molecular layer that label with anti-GFAP serum and are presumably free astrocytes. These observations are unique because previous morphological studies, using immunohistochemical methods, have demonstrated only radial glia in the teleost CNS (Levine, 1989 (Levine, ,1995  Nona et al., 1989; Onteniente et al., 1983;  Dahl and Bignami, 1973) . Our identification of these cells as astrocytes rests on the presence of weakly GFAPimmunoreactive cells in the molecular layer that appear to have the same distribution as the NSE-labeled cells. The weak immunoreactivity of these cells no doubt accounts for their previously having escaped detection and presumably arises because of either a paucity of GFAP intermediate filaments in the cells or masking of GFAP epitopes. We cannot, however, rule out the possibility that the cells we have identified as free astrocytes are in fact neurons, because some nerve cells are known to express NSE activity (Means and Barron, 1972;  Kumamoto and Bourne, 1963) , and we have seen several classes of neurons in the present study that were NSE-positive (cf . Figures 3 and 18) . Indeed, the fusiform neurons of the teleost cerebellar molecular layer, described by other workers, appear similar to the cells that we have identified in our NSE preparations (Finger, 1983; Nieuwenhuys et al., 1974; Nieuwenhuys, 1967; Schnitzlein and Faucette, 1969; Larsell, 1967; Franz, 1911) . However, definitively determining the identity of these cells will require either double-labeling protocols, which may be difficult because of the very weak GFAP signal, or EM histochemistry of NSE-reacted tissues (Ling et al., 1982; Akikusa et al., 1984) .
A second important point that arises from these studies is that in the optic tectum NSE activity in radial astrocytes appears to be developmentally regulated. The tectum continues to grow in the adult fish by adding new cells at its caudal and medial edges (Raymond and Easter, 1983; Meyer, 1978) . Consequently, the newest cells are found adjacent to these edges and it is here, in the tectum, that we found a diminution and eventually, at the growing edge itself, a near absence of NSE activity. This indicates that the newly born radial astrocytes do not begin to express the enzyme either until they have reached a certain age or until their environ-ment has undergone critical maturational changes. Interestingly, the youngest radial glia in the tectum express the largest amounts of GFAP, whereas older cells usually express immunoreactive protein only in theirperikaryal regions and pial endfeet (Levine, 1989) . Therefore, the expression of NSE activity and of GFAP intermediate filaments in the optic tectum appears to be reciprocally regulated.
The finding that goldfish astrocytes express strong NaF-sensitive NSE activity is surprising because only macrophages and ameboid microglia express this enzyme in the mammalian brain (Ling et al., 1982; Oehmichen, 1980; Schelper and Adrian, 1980) . What, then, might the significance of astrocytic NSE expression be? One possibility is that astrocytes in the goldfish brain perform a function similar to that performed by macrophages in the mammalian brain. In fact, Springer and Wilson (1989) demonstrated that cobalt, applied to sectioned optic axons, appeared for a short time in the radial glia of the diencephalon and optic tectum during the period when the axons were undergoing degeneration. Similar observations have also been reported in amphibians (Naujoks-Manteuffel and Roth, 1995; Lazar, 1979) . On the basis of their observations, Springer and Wilson (1989) concluded that the radial glia of the optic tectum were actively taking up labeled debris from the degenerating optic axons. The fact that they did not see uptake of cobalt by radial glia at the caudal, growing margin of the tectum, is of particular relevance in the context of the present discussion because that is precisely where we find an absence of NSE activity. Therefore, the expression of NSE activity in goldfish radial glia may be correlated with the ability to engage in phagocytosis. In this regard, it is interesting that Ling et al. (1982) found that NSE activity was associated with lysosomes in amoeboid microglia in the neonatal rat brain. However, most studies that have examined the subcellular localization of NSE have not found it in lysosomes but rather describe it as associated with the plasma membrane, possibly as an ectoenzyme, as well as with internal membrane systems (Sannes and Randell, 1985; Akikusa et al., 1984; Monahan et al., 1981; Jaubert et al., 1978 Jaubert et al., ,1980 . On the basis of these observations, it has been suggested that NSE activity may be involved in such functions as inactivation of toxic products and microorganisms and the killing of cells expressing foreign antigens (Monahan et al., 1981; Nelson et al., 1981; Buchmuller and Mauel, 1980) . Therefore, it is not unreasonable to suggest that the NSE activity seen in the radial glia of the goldfish brain may also be involved in processing, either at the surface of the cell or during phagocytosis, the axonal and myelin debris that abounds during Wallerian degeneration.
A second important point is that although NSE activity is not present in astrocytes of adult mammals, it has been reported in the radial glia (Muller cells) of mammalian embryos (Battacharjee and Sanyal, 1975) . This suggests that NSE expression in astrocytes represents an embryonic state that is ordinarily seen only during the early stages of neurogenesis and axonal growth. From this point of view, it is interesting that the teleost CNS continues to grow throughout the animal's life (Raymond and Easter, 1983; Meyer, 1978; Johns and Easter, 1977) . Therefore, developmental mechanisms that are expressed only in embryonic mammals may persist into adulthood in the fish, and astrocytes may continue to express NSE activity into adulthood as well. However, our observation that the newly born radial glia in the caudal tectum of the goldfish do not express NSE activity weakens this hypothesis.
In summary, we have shown that astrocytes in the goldfish brain contain large amounts of nonspecific esterase activity, which can be used to characterize them morphologically. It is not clear at this point what the functional significance of this unique expression pattern is, although we discuss the possibilities that it may be related to either phagocytic capabilities or the neotenous state of the teleost central nervous system. Finally, it should be noted that the NSE reaction is often used in in vitro studies of dissociated CNS cells as a diagnostic marker for macrophages. Clearly, in the goldfish, and perhaps in other teleosts as well, the NSE reaction would be inappropriate for this purpose because both astrocytes and macrophages would be expected to exhibit a positive response.
